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Abstract
AMPA receptors are the principal mediators of excitatory synaptic transmission in the mammalian 
central nervous system. The subunit composition of these tetrameric receptors helps to define their 
functional properties, and may also influence the synaptic trafficking implicated in long-term 
synaptic plasticity. However, the organization of AMPAR subunits within the synapse remains 
unclear. Here, we use postembedding immunogold electron microscopy to study the synaptic 
organization of AMPAR subunits in stratum radiatum of CA1 hippocampus in the adult rat. We 
find that GluA1 concentrates away from the center of the synapse, extending at least 25 nm 
beyond the synaptic specialization; in contrast, GluA3 is uniformly distributed along the synapse, 
and seldom extends beyond its lateral border. The fraction of extrasynaptic GluA1 is markedly 
higher in small than in large synapses; no such effect is seen for GluA3. These observations imply 
that different kinds of AMPARs are differently trafficked to and/or anchored at the synapse.
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Introduction
Excitatory synaptic currents in the mammalian brain flow mainly through ionotropic 
glutamate receptors in the plasma membrane, which concentrate at the postsynaptic 
specialization. Fast excitatory neurotransmission is mediated primarily by the α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid type of glutamate receptor (AMPAR) 
(Dingledine et al., 1999; Palmer et al., 2005). AMPARs are tetrameric heteromers assembled 
from the four subunits, GluA1–4 (also termed Gria1–4; Hollmann and Heinemann, 1994; 
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Mano and Teichberg, 1998; Rosenmund et al., 1998; Gouaux, 2004). The most common 
subunit combinations at synapses in adult hippocampus are 2•GluA1+2•GluA2 
(“GluA1/2”), and 2•GluA2+2•GluA3 (“GluA2/3”; Wenthold et al., 1996; Mansour et al., 
2001; Lu et al., 2009).
AMPARs are quite mobile, at least in culture (Borgdorff and Choquet, 2002; Choquet, 
2010), and can cycle into the postsynaptic membrane through both activity-dependent and 
constitutive insertion (Shepherd and Huganir, 2007; Santos et al., 2009); this trafficking is 
thought to play a major role in the regulation of synaptic strength (Huganir and Nicoll, 
2013). Synaptic insertion may be subunit-dependent: GluA1-containing AMPARs have been 
reported to enter the plasma membrane in response to intense synaptic activity, whereas 
GluA2/3 receptors undergo constitutive recycling (Shi et al., 1999; Hayashi et al., 2000; 
Passafaro et al., 2001; Shi et al., 2001; Kessels and Malinow, 2009; Tanaka and Hirano, 
2012; but see Granger et al., 2013; Nabavi et al., 2013).
AMPARs are removed from the postsynaptic membrane at a specialized zone lateral to the 
postsynaptic density (PSD, Racz et al., 2004; MacGillavry et al., 2011). In contrast, the 
site(s) of AMPAR insertion remain more contentious. Work in reduced systems has 
demonstrated insertion of AMPARs into the plasma membrane at a variety of locations, 
including the soma (Adesnik et al., 2007; Tao-Cheng et al., 2011), dendritic shaft 
(Yudowski et al., 2007; Jaskolski et al., 2009; Makino and Malinow, 2009; Patterson et al., 
2010) and spine (Kopec et al., 2006; Yang et al., 2008; Kennedy et al., 2010), as well as at 
the synapse itself (Gerges et al., 2006). Contributing to this uncertainty, it remains unclear 
whether GluA1/2 and GluA2/3 receptors are inserted at different subcellular locations. If 
these receptors are trafficked to different regions of the postsynaptic membrane, differences 
in their organization might remain for some time, notwithstanding possible effects of 
diffusional mixing. Besides these dynamic effects, there may be sustained differences in 
subunit organization, since different scaffold proteins are reported to associate preferentially 
with different AMPAR subunits (Leonard et al., 1998; Valtschanoff et al., 2000).
Here, we use postembedding immunogold electron microscopy to study the organization of 
AMPAR subunits in axospinous synapses from CA1 stratum radiatum of the rodent 
hippocampus. We find that GluA1 concentrates away from the PSD center, extending into 
extrasynaptic regions of the plasma membrane, while GluA3 lies more centrally within the 
PSD. These data provide an independent line of support for the hypothesis that GluA1/2 
receptors enter and exit the synapse via lateral diffusion, while GluA2/3 receptors traffic 
more directly into the PSD; moreover, this hitherto-unrecognized organizational complexity 
tangentially along the synaptic apposition raises the possibility that GluA3-containing 
AMPARs may play a distinct functional role in synaptic transmission.
Materials and Methods
Tissue Preparation
All procedures related to the care and treatment of animals were conducted according to 
institutional and NIH guidelines. For this study, we used material from six male Sprague-
Dawley rats (Charles River Laboratories; Raleigh, NC), 2 to 4.5 months old; to assess 
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whether synaptic organization might differ in the juvenile, we also used a 40-day-old rat 
(Supporting Information Table 1). To control for antibody specificity, we used material from 
two GluA1 KO mice, two GluA2 KO mice, and one C57BL/6 WT mouse (1–2 months old). 
GluA1 KO and GluA2 KO mice were generated as previously described (Jia et al., 1996; 
Zamanillo et al., 1999) and were initially maintained on a C57BL/6 background.
After anesthetizing rats with sodium pentobarbital (60 mg/kg), and mice with a mixture of 
ketamine (100 mg/kg) and xylazine (10 mg/kg), animals were intracardially perfused with 
saline, followed by ∼500 ml (for rats) and ∼50 ml (for mice) of a mixture of 2% 
paraformaldehyde and 2% glutaraldehyde in phosphate buffer. Brains were removed and 
postfixed 12 to 48 h in the same fixative at 4°C. Coronal sections were cut on a Vibratome 
at 200 to 250 μm and collected in cold phosphate buffer.
Sections pretreated with 0.1% CaCl2 in sodium acetate were cryoprotected in 30% glycerol 
overnight. Small blocks including stratum radiatum of CA1 were cut from sections and 
frozen in isopentane chilled with dry ice. Frozen blocks were immersed in 1.5% uranyl 
acetate in methanol at −90° C for 48 h within a freeze-substitution instrument (AFS, Leica). 
Blocks were gradually warmed to −45°C, then infiltrated with Lowicryl HM-20 (Electron 
Microscopy Science, Hatfield, PA) and polymerized under ultraviolet light.
Antibodies
Primary antibodies included affinity-purified rabbit polyclonal antibodies against AMPA 
receptor subunit 1 (GluA1; 0.8-2.0 μg/ml; Chemicon, Temecula, CA; AB1504) and AMPA 
receptor subunits 2 and 3 (GluA2–3 0.4–0.8 μg/ml; Chemicon; AB1506), and a mouse 
monoclonal antibody raised against AMPA receptor subunit 3 (GluA3; 0.5–1.0 μg/mL; 
Chemicon; MAB5416). The GluA1 antibody was raised against a peptide 
(SHSSGNPLGATGL) corresponding to the carboxyl terminus of human GluA1, conjugated 
to keyhole limpet hemocyanin. In Western blot of homogenate from cells that had been 
transfected with GluA1 cDNA, this antibody recognized a single band at ∼108 kDa 
corresponding to GluA1, while antibodies against GluA2, GluA3, or GluA4 produced no 
staining (Wenthold et al., 1992).
To determine whether results might depend on the epitope, we also performed pilot 
experiments with an anti-GluA1 antibody raised against its N-terminus. This rabbit 
monoclonal from Novus Biologicals (Littleton, CO; product E308, #NB110–57005), 
prepared against a peptide conjugate corresponding to a sequence between amino acids 25 to 
75 of human GluA1, was used at a concentration of 1:100. The antibody recognizes a single 
band on Western blot corresponding to the predicted molecular weight (migrating slightly 
above 100 kDa), and has been used in previous studies (see e.g. van Vuurden et al., 2009).
The GluA2–3 antibody was raised against a peptide (EGYNVYGIESVKI) corresponding to 
the carboxyl terminus of rat GluA2, conjugated to bovine serum albumin. In Western blot of 
homogenate from transfected cells, this antibody recognized both GluA2 and GluA3 (whose 
C-terminal is nearly identical to GluA2) with equal efficacy, but did not recognize GluA1 
(Wenthold et al., 1992).
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The GluA3 antibody was raised against a fusion protein containing amino acids 245 to 451 
of GluA3. Its specificity has been demonstrated in Western blots of human embryonic 
kidney cell lysates transfected with various AMPAR cDNAs; the antibody reacted with 
lysate containing GluA3, but not lysate from cells expressing GluA1, GluA2, or GluA4 
(Moga et al., 2003).
Postembedding Electron Microscopy
Postembedding immunogold labeling was performed as outlined in Valtschanoff et al. 
(2000). Sixty nanometer sections were cut from the polymerized tissue blocks and collected 
on nickel mesh grids. For serial-section electron microscopy, 50 nm sections were collected 
on Formvar-coated nickel slot grids to preserve cutting order. Grids were pretreated with 4% 
p-phenylenediamine in TRIS-buffered saline with 0.005% Tergitol NP-10 (TBSN), pH 7.6 
before treatment with 1% bovine serum albumin in TBSN, pH 7.6, followed by overnight 
treatment with the primary antibody. Grids were subsequently treated with 1% normal goat 
serum in TBSN pH 8.2, after which a gold-conjugated secondary was applied (BBI goat 
anti-rabbit F(ab')2 IgG, conjugated to 10 nm colloidal gold, from Ted Pella, Redding, CA). 
For double-labeling, we were able to combine primary antibodies to GluA1 (1 μg/ml) with 
GluA3 (0.77 μg/ml), since they were raised in two different species. Likewise, the secondary 
antibodies (goat anti-rabbit IgG conjugated to 20 nm gold particles, and goat anti-mouse 
F(ab')2 conjugated to 10 nm gold particles) were mixed together. After immunoprocessing, 
the sections were post-stained using uranyl acetate and Sato's lead salts. Grids were 
examined on a Philips Tecnai (FEI, Hillsboro, OR) electron microscope at 80 kV; images 
were collected with a cooled CCD camera (Gatan, 12 bits, 1,024 × 1,024 pixels).
Analysis of Immunogold Labeling
To determine the fraction of synapses immunopositive for GluA1, GluA2–3, and GluA3, we 
examined synapses from random fields of CA1 stratum radiatum, counting the first 100 
asymmetric synapses found in a grid square. Synapses containing at least one gold particle 
within 100 nm of the PSD were counted as “positive”; all other synapses were considered 
“negative.” We examined 500 synapses for each antibody on WT, GluA1 KO, and GluA2 
KO tissue. These data were used to calculate the fraction of synapses immunopositive for 
each antibody; for statistical analysis, each grid square was taken as a single sample.
To determine AMPAR position within the PSD, we surveyed the proximal half of CA1 
stratum radiatum, collecting electron micrographs from randomly selected synapses with a 
clearly-defined postsynaptic membrane that contained gold particles within 100 nm of the 
PSD. Using ImageJ, we measured “axodendritic” position, the distance from the center of 
each gold particle to the postsynaptic plasma membrane; and “lateral” position, the distance 
(measured tangentially along the plasma membrane) from the particle to each edge of the 
postsynaptic density (Fig. 1). From these data, we calculated the “normalized lateral” (NL) 
position for each particle, using the following formula:
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Thus, an NL position of 0 corresponds to a particle lying at the middle of the synapse, and a 
position of 1.0 to a particle lying at its lateral edge (for further details, see Kharazia and 
Weinberg, 1997; Valtschanoff and Weinberg, 2001). Finding that the pattern of labeling in 
the 40-day-old animal closely resembled that of the six adult rats (Supporting Information 
Table 1), we combined data from all seven rats in our analyses.
For axodendritic position, the postsynaptic direction was denoted by positive numbers, and 
the presynaptic direction by negative numbers (Fig. 1A). To restrict the sample to gold 
particles associated with the synapse, we limited analysis of axodendritic position to gold 
particles whose NL position was less than 1.5 and did not lie more than 60 nm away from 
the edge of the PSD. When calculating the mean axodendritic position, we wanted to 
evaluate receptors that plausibly might be inserted into the plasma membrane, and therefore 
considered only particles lying in the range from −50 to +50 nm in the axodendritic axis. For 
graphical representation of axodendritic position, we broke the data into 5 nm bins. To 
minimize noise, we smoothed these data with a three-point weighted running average,
Data analysis was performed in Excel (Microsoft, Redmond, WA); graphs were prepared 
with KaleidaGraph (Synergy Software, Reading, PA), and statistical significance was 
assessed using Data Desk (Data Description, Ithaca, NY). Values are reported as mean 
positions or normalized positions ± standard errors, calculated either by treating each gold 
particle as a sample (to provide an optimal estimate of the population mean, in the face of 
random measurement noise), or by calculating averages for each animal and treating these 
average values as single samples (to permit robust testing of possible differences between 
data sets). To assess statistical significance of differences in position or normalized position, 
we used two-sided paired t tests. We also computed ratios of particles in different regions of 
the synapse (see Results); to assess significance of difference within these ratiometric data 
sets, we used the Wilcoxon signed-rank test.
Modeling
To explore how measurement noise might have modified results, we performed modeling 
studies, adding Gaussian noise to experimentally-determined particle positions. To 
determine whether nonuniformities detected in our experiments might have arisen as an 
unforeseen consequence of measurement noise, we added Gaussian noise to random 
uniformly-distributed particles. Random numbers were generated in Data-Desk, arithmetical 
calculations were performed with Excel, and statistics were computed and graphs prepared 
with Kaleidagraph.
Serial Section Analysis
To maximize sample size and statistical power, most EM images were collected from 
randomly selected synapses on mesh grids. Serial section analysis offers important 
advantages, but besides its labor-intensive nature, we find that immunoreaction is impaired 
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when serial sections are used (perhaps because only one side of the thin section is exposed 
to antibody). Nevertheless, to assess whether reliance on single sections might have led to 
misleading conclusions, we performed a limited serial section analysis, collecting several 
series of electron micrographs of the same area from grids containing ∼50 nm thick serial 
sections immunoreacted for either GluA1 or GluA3. We chose areas containing landmarks, 
to simplify tracking the same synapse. For analysis, labeled synapses were examined across 
multiple sections until no longer visible; PSD length and gold particle position(s) were 
measured. In addition to our standard approach for measurement of normalized lateral 
position, we also computed a modified normalized lateral position, after reconstructing en 
face models of each synapse from the serial section data (see Results for details).
Image Preparation
Figures were composed, and contrast and brightness adjusted, with Adobe Photoshop CS (v 
9.0.2, Adobe Systems, Mountain View, CA). All processing of micrographs was applied 
uniformly across the entire image.
Results
Tissue processed with our freeze-substitution protocol exhibited good ultrastructural 
preservation, while retaining immunoreactivity against all three AMPAR antibodies. 
Contrast was weaker than typical for standard material that has been post-fixed with osmium 
tetroxide, but membranes were clear and synapses were well defined. Immunogold label for 
all three antibodies showed a clear association with asymmetric synapses, concentrating in 
the vicinity of the postsynaptic membrane (Fig. 2). Synaptic labeling for GluA2–3 was 
particularly abundant, whereas GluA3 labeled fewer synapses. We had the impression that 
gold particles coding for GluA1 and GluA2–3 typically lay just cytoplasmic to the plasma 
membrane, whereas particles coding for GluA3 often lay in the synaptic cleft, but variability 
of the labeling made it difficult to reach firm conclusions from visual inspection.
Validation of Immunolabeling
To verify antibody specificity, we performed immunogold staining in GluA1 KO and GluA2 
KO mice, focusing on CA1 stratum radiatum. These results must be treated with caution, 
since the observed fraction of immunolabeled synapses likely underestimates the true 
fraction of synapses that contain the antigen. The measured value is instead a composite 
estimate that reflects antibody binding efficacy, the fraction of synapses that contain the 
subunit probed, and the density of subunit protein within these synapses. However, while 
absolute values are difficult to interpret, differences detected between comparable tissue 
samples should reflect underlying differences in protein expression.
We found that the GluA1 antibody labeled 47.2% of synapses in grids prepared from a WT 
mouse, whereas only 6.4% of synapses were labeled in the GluA1 KO, implying that ∼86% 
(100% × (1–6.4/47.2)) of label in the WT mouse reflected authentic GluA1 (Table 1). The 
reduction in label distant from the synapse was less noticeable; we presume this reflects 
background unrelated to specific antibody binding. Likewise, the GluA2–3 antibody 
(expected to recognize both GluA2 and GluA3) labeled 54% of WT synapses, but only 11% 
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of synapses in the GluA2 KO mouse (Table 1). This fivefold reduction in labeling also 
supports the specificity of the immunogold signal, especially considering that much of the 
signal remaining in the GluA2 KO likely reflects authentic GluA3 protein.
Notwithstanding the small sample, these results may also have biological implications. The 
44% reduction in GluA1-positive synapses in the GluA2 KO presumably reflects the 
predominance of GluA1/GluA2 heteromeric receptors in the intact animal (Wenthold et al., 
1996), though we cannot exclude the possibility of GluA1 homomers in the WT mouse, nor 
the aberrant expression of GluA1 homomers in the GluA2 knockout (Sans et al., 2003; 
Rozov et al., 2012). Likewise, the synaptic GluA3 remaining in the GluA2 KO animal might 
reflect aberrant presence of GluA1/GluA3 receptors after deletion of GluA2 (Table 1; Sans 
et al., 2003). However, the 37% reduction of synaptic GluA3 in the GluA1 KO mouse raises 
the possibility that GluA1/GluA3 receptors are present in the hippocampus even in the 
normal animal.
We were unable to obtain GluA3 KO mice. To assess specificity of the GluA3 antibody, we 
instead compared immunogold labeling for GluA2–3 and GluA3 in cerebellar cortex, whose 
layers (easily recognized at the electron microscope) express mRNA for different AMPAR 
subunits at markedly different levels. In situ hybridization indicates high levels of gene 
expression for both GluA2 and GluA3 in the molecular layer; in contrast, GluA3 expression 
is substantially reduced in the granule cell layer, while message for GluA2 remains high 
(Lein et al., 2007). Therefore, one would predict that a greater fraction of synapses would 
label for GluA3 in the molecular layer than in the granule cell layer, while comparable 
fractions would label for GluA2 in both layers. Consistent with this expectation, 53% of 
synapses in the molecular layer labeled for GluA3, whereas only 22% of synapses labeled 
for GluA3 in the granule cell layer. In contrast, there was little difference in GluA2–3 
labeling between the molecular and the granule cell layers (43% vs. 40% immunopositive, 
respectively).
In summary, our data, together with the extensive published work using these antibodies, 
lead us to conclude that the large majority of the observed labeling represents authentic 
AMPAR subunit protein.
Relationship of AMPAR Subunits to the Postsynaptic Plasma Membrane
We measured the axodendritic position of gold particles coding for GluA1, GluA2–3, and 
GluA3 subunits in synapses from rat stratum radiatum (see Fig. 1A). The shapes of the 
axodendritic distributions for all three antibodies were similar bell-shaped curves, with a 
modest tail extending into the postsynaptic cytoplasm (Fig. 3). Considering only particles 
within the range of ±50 nm from the plasma membrane (thus focusing on receptor 
embedded within the plasma membrane), the standard deviation of the distribution for 
GluA1 was 19.2 nm; for GluA2/3, σ=20.0 nm; and for GluA3, σ=20.4 nm. To confirm our 
impression that these distributions were approximately Gaussian, we replotted the data as 
cumulative distributions, with abscissa scaled according to the normal distribution, 
confirming that all three distributions were nearly linear, with slope very close to that of 
Gaussian normal distributions with 20 nm standard deviation (Supporting Information Fig. 
1).
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Mean positions for both GluA1 and GluA2–3 were postsynaptic; considering all gold 
particles lying within 50 nm of the postsynaptic membrane, GluA1 and GluA2–3 averaged
+4.2±0.6 nm (N = 1,064) and +3.3±0.6 nm (N = 1,044 particles) inside the postsynaptic 
membrane, respectively. In contrast, GluA3 lay predominantly within the synaptic cleft, 
with a mean value of −4.3±0.8 nm from the postsynaptic membrane (N = 663). The mean 
axo-dendritic position of GluA3 was significantly different from that of both GluA1 and 
GluA2–3 (P < 0.001 for GluA1 vs. GluA3, P < 0.005 for GluA2–3 vs. GluA3, two-sided 
paired t-test; N = 7 animals), whereas GluA1 was not significantly different from GluA2–3.
These different axodendritic positions likely reflect the different placement of the epitopes 
recognized by the three antibodies: the GluA1 and GluA2–3 antibodies were raised against 
peptides corresponding to the C terminals (predicted to lie within the postsynaptic cytoplasm 
when the receptor is inserted into the plasma membrane), whereas the GluA3 antibody was 
raised against a peptide corresponding to an extracellular region near the N terminal. To 
verify that this difference indeed reflects the topology of the protein, we performed 
experiments with a GluA1 antibody raised against an N-terminal region (after validating its 
specificity on knockout mouse material; data not shown). For gold particles lying within ±50 
nm of the plasma membrane, the mean position of immunolabeling for this antibody was 
−6.5±1.6 nm (N = 122).
Together, these results suggest that the large majority of immunogold-detected AMPARs 
lying within 50 nm of the postsynaptic plasma membrane are embedded within the plasma 
membrane.
Tangential Organization of AMPAR Subunits
We next wanted to compare the tangential organization of labeling for different AMPAR 
subunits along the synapse. To get a qualitative impression, we examined material double-
stained for GluA1 and GluA3 (see Materials and Methods for details). In this material it was 
easy to identify individual synapses that were unlabeled, single-labeled for either antibody, 
or double-labeled. We noted many cases where GluA1 lay at or beyond the lateral edge of 
the synapse, associated with extrasynaptic plasma membrane; this was much less commonly 
seen for GluA3 (Supporting Information Fig. 2). Unfortunately, results were variable and 
often noisy (as typical with double-labeling in our hands); consequently, we considered only 
single-labeled material for quantitative analysis.
Since our main goal was to characterize the organization of functional AMPARs, we 
considered only gold particles likely to reflect receptor that had been inserted into the 
plasma membrane. Accordingly, for GluA1 and GluA2–3 antibodies (both targeted against 
the cytoplasmic C terminus) we considered only particles lying in a 50 nm window between 
−20 nm and +30 nm from the postsynaptic membrane (i.e., within ∼25 nm of the likely 
position of the relevant epitope, as predicted theoretically and confirmed empirically). 
Likewise, for the GluA3 antibody (targeted against an extracellular N-terminal region) we 
considered only particles lying between −30 nm and +20 nm. Nearly all AMPA receptors in 
hippocampus are either GluA1•GluA2 or GluA2•GluA3 heteromers (Wenthold et al., 1996); 
accordingly, we focused mainly on the relative pattern of labeling of GluA1 and GluA3, as 
selective probes for the two major types of heteromeric receptors.
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Analysis of normalized lateral data (see Fig. 1B) revealed that labeling for GluA1 tended to 
lie in the periphery of the synapse, with a mean NL position of 0.64±0.01 (N = 860). 
Labeling for GluA3 concentrated significantly more centrally, with a mean NL position of 
0.50±0.01 (N = 504; P < 0.005, paired t-test, N = 7 animals). Labeling for GluA2–3 lay 
between GluA1 and GluA3, with an average NL position of 0.59±0.01 (N = 816), as would 
be expected, since this antibody recognizes both GluA1/2 and GluA2/3 heteromeric 
receptors. Notwithstanding these differences, the density of labeling associated with the 
plasma membrane declined to very low levels within 50 nm beyond the edge of the synaptic 
specialization, for all three antibodies.
We also measured the NL position of AMPAR subunits in KO mice (though these data must 
be treated with caution, considering the restricted sample size, as well as possible species 
differences). In the GluA2 KO, the average NL position of GluA1, GluA2–3, and GluA3 
were 0.62, 0.55, and 0.52, respectively; close to the values for WT rats. In contrast, in the 
GluA1 KO animal, the NL position of GluA2–3 changed from 0.59 (for WT) to 0.47 (see 
Supporting Information Table 2). Thus, labeling for GluA2–3 was markedly more central 
than in WT animals, presumably because the GluA1 KO lacks GluA1/2 heteromers, so only 
GluA2/3 receptors are detected by the antibody. We speculate that the slight change in 
GluA2–3 position in the GluA2 KO might reflect traces of GluA1/3 heteromer at the 
synapse (Sans et al., 2003).
Our postembedding method, which unmasks antigen by the mechanical disruption caused by 
cutting thin sections, is thought to expose epitopes in an unbiased manner independent of 
tissue consistency or protein-protein interactions. Nevertheless, to control for the possibility 
that the difference observed between GluA1 and GluA3 might reflect some peculiarity of the 
cytoplasmic PSD matrix encountered by the GluA1 antibody, but not by the GluA3 antibody 
(which was raised to an extracellular epitope), we examined the NL position of GluA1 as 
defined by an N-terminus antibody. Synaptic labeling detected with this antibody was 
predominantly extracellular, as expected (see above); importantly, the mean NL position of 
GluA1 estimated by the N-terminus antibody was 0.65, very similar to that of the C-terminal 
antibody. We conclude that our estimate of NL position was not significantly affected by the 
tissue microenvironment of the antigen.
The GluA1 antibody is expected to label GluA1/2 receptors but not GluA2/3 receptors, 
while the GluA3 antibody should label GluA2/3 receptors but not GluA1/2 receptors. Since 
the GluA2–3 antibody can bind to AMPARs containing either GluA1/2 or GluA2/3 
subunits, we focused on results from the GluA1 and GluA3 antibodies. Labeling for GluA1 
was diminished at the center of the synapse, and extended beyond the limits of the PSD. In 
contrast, labeling for GluA3 concentrated in the central part of the synapse, with very little 
labeling beyond its lateral edge (Fig. 4A). The differential pattern of labeling is more clearly 
illustrated by the cumulative probability plot shown in Figure 4B, which reveals that the two 
distributions diverge between ∼0.2 and ∼0.6 NL units. To compare these differences 
further, we computed the “NL position ratio,” defined as
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for both GluA1 and GluA3 (Fig. 4C). The NL position ratio for GluA1 was almost double 
that for GluA3 (1.62 vs. 0.89; N = 7 animals, P < 0.05, Wilcoxon), confirming that GluA1 
lies significantly closer than GluA3 to the PSD edge.
The use of normalized lateral positions facilitated comparisons among synapses of different 
sizes. However, we were concerned that at least part of the observed effect might represent 
an artifact arising from the normalization procedure. To exclude this possibility, we also 
examined the data without normalization, comparing the number of immunogold particles 
lying just beyond the edge of the synapse with the number of particles in its center, for both 
antigens. Accordingly, we computed the “edge-to-center” ratio, defined as
(Fig. 4D). The edge-to-center ratio for GluA1 was more than twice that for GluA3 (0.68 vs. 
0.32; P < 0.05, Wilcoxon), confirming that significantly more GluA1 than GluA3 lies 
beyond the edge of the synapse.
Impact of Measurement Noise
Our estimates of antigen location are affected by random noise (arising largely from the IgG 
bridges required for immunocytochemistry; see Kellenberger and Hayat, 1991). Might the 
observed differences between GluA1 and GluA3 arise as a consequence of this measurement 
noise, rather than representing a genuine biological difference between the two subunits? 
This seems unlikely, since the standard deviation of axodendritic position (a proxy for 
measurement error in the tangential axis) was very similar for GluA1 and GluA3; in fact, the 
experimentally-determined axodendritic distributions for all three antibodies were close to 
Gaussian normals with standard deviation of 20 nm (see Fig. 3 and Supporting Information 
Fig. 1). Since the large majority of AMPA receptors close to the postsynaptic membrane are 
probably inserted into the plasma membrane, these data suggest that our measurements may 
include up to ∼20 nm of random noise.
We performed simulation experiments to determine more directly whether the inclusion of 
20 nm of noise to our estimates of antigen position in the tangential axis might influence our 
conclusion that synaptic GluA1 tends to lie more lateral than GluA3. We tested the effect of 
adding Gaussian noise (σ = 20 nm) to our measurements of lateral position, performing five 
independent simulations. We found that estimates of mean lateral position were minimally 
impacted by additional noise, suggesting that noise of the magnitude we expect based on 
axodendritic measurements was very unlikely to have an appreciable impact on estimates of 
lateral position (Table 2). We conclude that the observed differences between GluA1 and 
GluA3 cannot be explained by measurement error.
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However, with substantial measurement noise, even a uniform distribution strictly limited to 
the borders of the synapse might seem to lie away from the PSD center; could this account 
for our GluA1 results? To test this possibility, we generated a uniform lateral distribution of 
particles strictly confined to the synapse, using PSD lengths corresponding to those of our 
experimental measurements of 860 particles coding for GluA1, and explored the impact of 
random noise. We found that adding 20 nm of Gaussian noise to a uniform distribution 
(Table 2, last column) had only subtle effects on lateral position estimates, and could not 
account for the accumulation of GluA1 away from the center of the synapse. In contrast, we 
found that a noisy uniform distribution exhibited a lateral distribution close to that 
experimentally observed for GluA3, suggesting that our impression that GluA3 concentrates 
at the center of the synapse may at least in part represent an artifact of the measurement 
procedure. Nevertheless, we conclude that measurement noise of magnitude comparable to 
that encountered in this study could not account for more than a small fraction of the 
observed differences in lateral position between GluA1 and GluA3.
Serial Section Analysis
When examining single sections, it is impossible to know whether short synaptic profiles 
represent small PSDs, or instead originate from thin sections that were cut near the edges of 
larger PSDs; no doubt our experimental sample includes both. This effect should introduce 
little or no error to the mean NL position if the antigen in fact concentrates at the center of 
the synapse, but could lead to an underestimate of NL position if the antigen actually 
concentrates near the edge of the synapse. To explore whether this problem might have 
affected our conclusions, we performed a pilot study using serial-section electron 
microscopy (Figs. 5A–F). The distribution of receptor subunits laterally along the synapse 
was similar to that from EM of single sections: labeling for GluA1 extended beyond the 
PSD edge, while GluA3 concentrated in the center of the PSD (Fig. 5G); moreover, the NL 
position of GluA1 (0.61±0.04, N = 137 particles) was significantly larger than that of GluA3 
(0.46±0.04, N = 89; P < 0.005, t-test). To assess whether data from the z-axis “edges” of the 
synapse (i.e., the first and last sections in a series before the PSD is no longer visible) might 
affect our conclusion, we compared NL position estimates based on the entire data set, with 
NL positions computed after excluding data from thin sections collected at the edge of the 
synapse, finding only modest effects (Fig. 5H). Thus, for data without the edge sections, the 
mean NL position for GluA1 was 0.59 ± 0.04 (N = 81), and for GluA3, the mean position 
was 0.44 ± 0.04 (N = 54); the NL position for GluA1 remained significantly larger than for 
GluA3 (P < 0.02).
We further analyzed the serial sections through each synapse treated as three-dimensional 
data, constructing models and computing normalized lateral position as diagrammed in 
Figure 5I. The shapes of the NL position curves are changed in this analysis (for example, 
since very few particles could lie at the very center of a two-dimensional polygon, the 
number of particles at NL positions close to zero is expected to be small), but comparisons 
between GluA1 and GluA3 remain valid as before. Again, GluA1 lies closer to the edge of 
the synapse (and beyond) than GluA3 (Fig. 5J).
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In summary, we conclude from serial-section analysis that errors introduced by restricting 
our analysis to single sections did not significantly influence our results.
Lateral Position of AMPAR Subunits Depends on PSD size
Classical results from serial-section electron microscopy demonstrate a marked variation in 
PSD size even within the seemingly homogeneous population of axospinous synapses in 
stratum radiatum of CA1 in the adult rat (Harris and Stevens, 1989; Mishchenko et al., 
2010). The surface area of synaptic contacts varies by more than an order of magnitude; this 
variation is closely correlated with spine volume, and also with measures of synaptic 
efficacy, including the number of AMPARs (Kharazia and Weinberg, 1999, Takumi et al., 
1999, Racca et al., 2000; Matsuzaki et al., 2001; Nicholson and Geinisman, 2009). 
Furthermore, large spines (which receive large synaptic contacts) are generally stable, 
whereas small spines (with small synapses) may be quite plastic (Trachtenberg JT et al., 
2002; Holtmaat et al., 2005, 2006; Bourne and Harris, 2007; Yasumatsu et al., 2008; Kasai 
et al., 2010).
These considerations led us to wonder whether the organization of AMPARs might vary 
depending on the size of the synapse. To test this possibility, we compared the lateral 
position of GluA1 and GluA3 subunits in small synapses with those in large synapses (Fig. 
6A). We found that GluA1 in “short” synapses (with PSD lengths ranging from 75 to 237 
nm) spread over the synapse, with a considerable number of extrasynaptic particles (NL 
position 0.70±0.02, N = 7 animals), whereas GluA1 in “long” synapses (237–501 nm) 
concentrated in the center, with few extrasynaptic particles (NL position 0.59±0.03, N = 7); 
this difference was significant across animals (P < 0.05, paired t-test). In contrast, PSD 
length had little or no effect on the distribution of GluA3; for short synapses (87–237 nm), 
NL position was 0.52±0.03 (N = 7), whereas for long synapses (237–530 nm), NL position 
was 0.51±0.04. These observations also imply that the difference in normalized lateral 
position between GluA1 and GluA3 was much more pronounced for small (0.70 vs. 0.52) 
than for large (0.59 vs. 0.51) synapses.
To analyze these effects further, we examined NL position ratios (Fig. 6B). For short 
synapses, the NL position ratio was 2.24 for GluA1, but only 0.94 for GluA3 (P < 0.05, 
Wilcoxon). Much less difference was seen in long synapses; the NL position ratio was 1.35 
for GluA1, and 0.95 for GluA3 (P ∼ 0.1). Analogous differences were found when we 
computed edge-to-center ratios for short versus long synapses, but to an even greater extent 
(Fig. 6C). The relatively weak labeling for GluA3 made it unfeasible to compute the 
arithmetic mean of edge-to-center ratios over the seven animals. We therefore determined 
means by computing the total number of particles from all experiments in the peripheral bin, 
divided by the total number of particles in the central bin, while assessing significance levels 
for N = 7 animals with nonparametric statistics. Pooling over the entire data set, we found 
that the edge-to-center ratio of short synapses was 1.18 for GluA1, but only 0.27 for GluA3 
(P < 0.05; Wilcoxon). In contrast, the edge-to-center ratio of long synapses was 0.31 for 
GluA1, and 0.30 for GluA3 (P ∼0.8).
Measurement noise should have a stronger influence on NL position estimates for short 
synapses than for long ones; could measurement noise explain these effects? The possibility 
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seems remote, since estimates for both subunits included equivalent levels of measurement 
noise Nevertheless, to determine more directly whether measurement error could explain the 
effects seen for GluA1, we reanalyzed the data from models of noisy uniform distributions, 
bifurcating the results into “small” and “large” halves according to synaptic length. We 
found that after adding 20 nm of noise to points randomly distributed along the synapse, the 
mean NL position was 0.52 for small synapses, versus 0.51 for large synapses; the NL 
position ratio was 1.00 for small synapses, versus 1.02 for large synapses, and the edge-to-
center ratio was 0.303 for small synapses, versus 0.296 for large synapses. Thus, noise of 
this magnitude has only a minimal impact on our results.
We conclude that GluA1-containing AMPARs concentrate away from the center of the 
synapse and extend beyond its edge, while GluA3-containing receptors are restricted to the 
synaptic specialization; furthermore, this difference in subunit organization is far more 
pronounced in small than in large synapses.
Synaptic Expression of Different AMPARs
The relative levels of GluA1/2 and GluA2/3 receptors in mature hippocampal synapses 
remain controversial (Wenthold et al., 1996; Lu et al., 2009). Our data on the lateral 
distribution of subunits provides a novel way to estimate the proportion of synaptic 
AMPARs that contain GluA1/2 versus GluA2/3. Assuming that AMPARs in the 
postsynaptic membrane of CA1 pyramidal cells are tetramers comprising either 
(2•GluA1+2•GluA2), or (2•GluA2+2•GluA3 (Wenthold et al., 1996)), the antibody against 
GluA1 would label only GluA1/2 receptors, while the antibody against GluA3 would label 
only GluA2/3 receptors. Therefore, the NL position for GluA1 (0.64) should reflect the 
mean position of GluA1/2 receptors in the synapse, whereas the NL position of GluA3 
(0.50) should reflect the mean position of GluA2/3 receptors. In contrast, the NL position of 
the GluA2–3 antibody (0.59) includes information from both GluA1/2 and GluA2/3 
receptors. By combining these data, we can estimate the relative fraction of synaptic 
AMPARs that are GluA1/2 versus GluA2/3.
The GluA2–3 antibody recognizes a C-terminal epitope shared by GluA2 and GluA3; 
accordingly, it can be expected to bind to both subunits with comparable efficiency. 
However, considering the stoichiometry of AMPA receptors, one would expect twice as 
many gold particles coding for the GluA2–3 antibody to bind to GluA2/3 receptors as to 
GluA1/2 receptors. Thus,
Solving this equation, our data on the normalized lateral position of labeling for the three 
antibodies yields an estimate that 79% of AMPARs are GluA1/2 heteromers, while 21% are 
GluA2/3 heteromers, close to previous estimates based on different methods (Lu et al., 
2009).
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Relationship of AMPAR Epitopes to the Plasma Membrane
Postembedding immunogold electron microscopy provides a high-resolution estimate of the 
organization of antigens in intact brain, at the cost of limited sensitivity. This required us to 
average data from a large number of synapses, obscuring the extent of synapse-to-synapse 
variability. However, since postembedding immunogold provides an unbiased estimate of 
antigen distribution, the mean values are likely to be quite accurate. Assuming a probable 
error of ∼20 nm in estimating the position of an epitope with immunogold techniques, the 
law of large numbers implies that the probable error of the mean of 1,000 particles 
(computed in the present study) would be reduced by a factor of √1, 000, to ∼0.6 nm, very 
close to the standard error of mean axodendritic positions reported here.
Numerous studies concur that AMPARs concentrate in the vicinity of the postsynaptic 
plasma membrane, but only meager quantitative information is available. One previous 
immunogold study addressed the question, reporting a mean distance of +2.95 nm for the 
GluA2–3 epitope (Kharazia and Weinberg, 1999), close to our estimate of +3.3 nm. In the 
present study, GluA1 lay at a mean distance of +4.2 nm from the plasma membrane, which 
might reflect its longer C-terminal tail, though its difference from the mean position of 
GluA2–3 did not attain statistical significance. These distances are less than the ∼6 to 12 nm 
from the plasma membrane predicted for an alpha helix ∼40 to 80 amino acids long 
(depending on the subunit and the exact binding site of the antibody; Nakagawa, 2010), 
suggesting that the native conformation of the C terminus is tortuous or obliquely directed 
away from the plasma membrane. Labeling with the N-terminal antibody (raised against a 
peptide corresponding to a region within amino acids 25–75) lay close to the plasma 
membrane even though the N terminal of GluA1 is ∼500 amino acids from the first 
transmembrane domain, presumably reflecting its native orientation.
Tangential Distribution of AMPARs
Previous postembedding immunogold studies found AMPARs preferentially at the periphery 
of the synapse in the organ of Corti (a specialized synapse especially suitable for study of 
tangential localization), neostriatum, and cerebral cortex (Matsubara et al., 1996; Bernard et 
al., 1997; Kharazia et al., 1997; Ottersen et al., 1998). A study of dendrodendritic synapses 
in the olfactory bulb yielded somewhat different results, finding that GluA2/3 concentrated 
only slightly away from the center of the synapse (Sassoè-Poegnetto and Ottersen, 2000); 
likewise, a study of synapses in rat substantia nigra found no clear evidence that GluA2/3 
concentrated away from the center of the synapse (Chatha et al., 2000). Nevertheless, these 
findings may also be consistent with the present results, which show important differences 
in the tangential organization of two subunits: GluA1 distributed along the postsynaptic 
membrane, extending beyond its lateral edge into an extrasynaptic region, while GluA3 was 
more centrally restricted. (Note that our term “extrasynaptic,” literally meaning “outside or 
beyond the border of the synapse,” corresponds to the term “perisynaptic” used by others, 
who reserve “extrasynaptic” for sites remote from the synapse.)
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While our measurements are inherently noisy, and further noise may have been introduced 
by the averaging procedure, statistical considerations imply that differences we detected in 
lateral organization of subunits likely underestimate the true magnitude of the differences 
between GluA1 and GluA3. Our results are consistent with electrophysiological work 
suggesting that GluA1-containing receptors are present at both synaptic and extrasynaptic 
sites, whereas GluA3-containing receptors are confined to synapses (He et al., 2009; Lu et 
al., 2009). On the other hand, our results document the high concentration of AMPARs at 
the synapse, and show that the density in the plasma membrane of even GluA1 is reduced by 
at least an order of magnitude within 50 nm of the edge of the synapse.
SDS/freeze-fracture methods (Antal et al., 2008; Shinohara et al., 2008; Tarusawa et al., 
2009; Rubio et al., 2014) applied to spinal cord, cochlear nucleus, thalamus, hippocampus, 
and accessory olfactory bulb have in general failed to confirm our conclusion that GluA1 
lies in the lateral zone of the synapse, but they did not address this question directly. This 
research, along with an elegant superresolution light microscopic study (Dani et al., 2010) 
instead emphasizes the heterogeneity of AMPAR organization within synapses even from a 
single brain region. Our approach, which averaged results across synapses, was unable to 
assess heterogeneity, instead assessing mean distributions. In contrast, the electron 
tomographic study of Chen et al. (2008), using an approach that also provides very high 
detection efficiency, was generally consistent with our finding of a preferential lateral 
position. The only directly comparable previous immunogold study found that GluA2–3 
labeling was slightly peripheral to GluA1 (Bernard et al., 1997), though GluA3 was not 
directly studied. The difference between our result and that of Bernard et al. could reflect 
technical issues, but this discrepancy raises the tantalizing possibility that AMPAR 
organization at the synapse in CA1 pyramidal neurons may differ from that in the 
GABAergic medium spiny neurons of striatum studied by Bernard et al. Indeed, recent 
evidence suggests that other PSD-related proteins may be organized differently in excitatory 
vs. GABAergic neurons (Burette et al., 2014).
Our estimates of relative abundance of heteromeric combinations at the synapse yielded a 
slightly higher fraction of GluA2/3 versus GluA1/2 than reported in previous work based on 
electrophysiological assessment (Lu et al., 2009). This modest discrepancy could reflect a 
difference between functional and silent receptors; a difference between extrasynaptic 
receptors as defined electrophysiologically versus anatomically; or conceivably some effect 
of slice preparation, or a species difference between mouse and rat. However, considering 
the many possible sources of error, we are instead impressed by the concordance of the 
estimates. Our results support previous work indicating that GluA3 is a relatively modest 
constituent of the axospinous synapse in CA1 hippocampus; for this reason, our conclusion 
that GluA3 is uniformly distributed along the synapse is not inconsistent with previous 
evidence that AMPARs in cerebral cortex concentrate at the periphery of the synapse 
(Kharazia and Weinberg, 1997).
Implications of the Observed Tangential Organization
Computational studies predict that precise alignment between presynaptic sites of glutamate 
release and postsynaptic receptors increases synaptic efficiency (Xie et al., 1997; 
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Raghavachari et al., 2004; Franks et al., 2003; Freche et al., 2011; Rusakov et al., 2011; 
Allam et al., 2012). The functional consequences of situating GluA3-containing receptors in 
the central part of the synapse are unclear, though N-methyl-D-aspartate receptors 
(NMDARs) also concentrate in this central zone (Kharazia and Weinberg, 1997), raising the 
possibility of a subunit-specific local interaction between NMDARs and GluA2/3 receptors 
(Bai et al., 2002). GluA3-containing receptors may have especially rapid kinetics (Pei et al., 
2007), increasing their sensitivity to modulation via alignment, though this idea remains 
speculative, since both alternative splicing (flip vs. flop) and accessory subunits also help to 
define biophysical properties of the receptor channel.
While the functional implications of the observed tangential organization remain obscure, 
the published data offer possible mechanistic explanations for the different tangential 
organization of GluA1 and GluA3. The differential lateral organization of different AMPAR 
subunits reported here might reflect differences in trafficking. Insertion of GluA1/2 receptor 
into the postsynaptic membrane appears to be activity-dependent, while GluA2/3 receptor 
trafficking is constitutive, but it remains unknown whether the two receptor subtypes enter 
the synapse via the same route (Henley et al., 2011). Multiple studies suggest that AMPARs 
enter the plasma membrane outside of the PSD (Kopec et al., 2006; Park et al., 2006; 
Yudowski et al., 2007; Yang et al., 2008; Makino and Malinow, 2009; Kennedy et al., 2010) 
and then diffuse laterally to enter the PSD (Borgdorff et al., 2002; Choquet, 2010; Opazo et 
al., 2012). However, one study presented evidence that AMPARs might also be directly 
inserted into the PSD (Gerges et al., 2006). The present immunogold results are consistent 
with the possibility that GluA1-containing receptors enter the synaptic region from the side, 
while GluA3-containg receptors enter directly through the center of the PSD.
Our data are also consistent with other possible mechanisms. For example, GluA1-
containing receptors may simply be more diffusible than those lacking GluA1. At the same 
time, protein-protein interactions between AMPARs and synaptic scaffolds like PSD-95 and 
SAP97 can limit AMPAR diffusion (Newpher and Ehlers, 2008; MacGillavry et al., 2011; 
Anggono and Huganir, 2012; Opazo et al., 2012), potentially controlling the lateral 
distribution of AMPARs. Overexpression and knockdown experiments point to an 
interaction between PSD-95 and AMPARs (El-Husseini et al., 2000; Elias et al., 2006; 
Ehrlich et al., 2007). Anatomical evidence suggests that PSD-95 distributes fairly uniformly 
along the synapse (Valtschanoff and Weinberg, 2001; Sassoe-Pognetto et al., 2003). In 
contrast, SAP97, which interacts with the PDZ binding motif of GluA1 but not GluA3, 
concentrates at the edge of the PSD, in a pattern reminiscent of that reported here for GluA1 
(Valtschanoff et al., 2000; DeGiorgis et al., 2006).
We here demonstrate a strong relationship between AMPAR organization and size. In small 
synapses, GluA1 was particularly abundant at the synaptic periphery, but this tendency was 
far less marked in large synapses. In contrast, GluA3 was uniformly distributed along the 
synapse irrespective of its size. Small synapses are associated with small spines (Harris and 
Stevens 1989), which in turn are associated with especially plastic and unstable synaptic 
connections (Holtmaat et al., 2005, 2006; Bourne and Harris 2007; Kasai et al., 2010). Thus, 
our data suggest that different types of AMPARs are distributed quite differently in nascent 
synapses (perhaps reflecting different paths of entry into the synapse), while the lack of 
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differences in receptor distribution in large (mature) synapses may reflect slow diffusional 
mixing.
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Procedure for defining positions of gold particles. (A) Cartoon diagram of a dendritic spine. 
Arrow indicates the axis, zero-point, and sign for measurements of “axodendritic” position 
of immunogold labeling. (B) Arrow indicates the axis for measurement of “lateral” position. 
“Normalized lateral position” is defined by 0 (at the center of the synapse) and 1 (at the edge 
of the PSD).
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Postembedding immunogold labeling for AMPAR subunits. Micrographs illustrate the 
material used in this study. All images are from the proximal half of stratum radiatum of 
CA1 hippocampus, from adult rat. Gold particles (black dots) are ∼10 nm in diameter. 
Material in top panel (A–C) was reacted with an antibody to GluA1; in the middle panel (D–
F), with an antibody recognizing both GluA2 and GluA3; and in bottom panel (G–I), with an 
antibody to GluA3. Most of the labeling is clearly associated with asymmetric synapses. (A) 
An axospinous synapse strongly labeled for GluA1 (presynaptic axon terminal is at top). (B) 
Large axospinous synapse; labeling lies near the left edge of the synaptic specialization. (C) 
A small dendritic shaft (identified by microtubules cut en face, and by a mitochondrial 
profile at bottom right of image) receives two immunopositive synaptic contacts. 
Axodendritic synapses were excluded from our analysis, which focused exclusively on 
axospinous synapses. (D, E) Each micrograph shows two axospinous synapses, both 
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immunopositive for GluA2–3. (F) Favorable plane of section through an axospinous synapse 
allows clear visualization of the entire plasma membrane of the spine. Besides labeling 
associated with the postsynaptic specialization, a particle is also visible within the spine 
cytoplasm. Synapses in F and at left in D exhibit incomplete perforation; we excluded 
synapses with complete perforation in the plane of section from analysis of lateral position. 
(G–I) Labeling for GluA3 was weaker than for the other antibodies. Synaptic labeling often 
lay outside the plasma membrane of the spine. Scale bars=200 nm.
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Axodendritic distribution of labeling for three antibodies. 0 on the x-axis of the graph 
corresponds to the postsynaptic membrane; positive numbers are in the postsynaptic 
direction, and negative numbers are in the presynaptic direction (see diagram at upper right). 
Data were computed for 5 nm bins; to reduce noise, the curves were smoothed using a three-
point weighted moving average (see Methods for details). Labeling for both GluA1 and 
GluA2–3 was predominantly postsynaptic, while GluA3 label concentrated in the synaptic 
cleft. These data are shown in a different form in Supporting Information Figure 1.
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Lateral positions of GluA1 and GluA3 along the synapse. (A) Graphs of normalized lateral 
position. Data were broken into five bins; 0 corresponds to the center of the PSD, and 1 
corresponds to its edge (see diagram). Labeling for GluA1 is present at high levels all along 
the synapse. It increases slightly away from the center, and extends beyond the edge of the 
PSD. In contrast, GluA3 concentrates more centrally. The fraction of synapses labeled for 
GluA3 was significantly greater than for GluA1 in the 0–0.4 bin (P < 0.01), and 
significantly less than GluA1 in the 0.8–1.2 bin (P < 0.001) and the 1.2–1.6 bin (P < 0.005; 
paired t-tests, N = 7 animals). (B) To avoid possible distortions arising from binning, this 
graph shows normalized lateral positions for GluA1 and GluA3, plotted as cumulative 
distributions (percentile scaled to correspond to the normal distribution). A slight jog in both 
curves at NL position =1.0 reflects rounding error associated with measurements. The 
GluA3 curve lies above the GluA1 curve, showing that NL values for GluA3 are generally 
smaller than those for GluA1. The two curves diverge in the region from 0.2 to 0.6 units. (C) 
Histogram comparing the “NL position ratio” (the number of postsynaptic membrane-
associated gold particles with NL position >0.5, divided by the number of particles with NL 
position ≤0.5) for GluA1 and for GluA3 (see diagram). The NL position for GluA1 was 
significantly larger than for GluA3 (N = 7 animals, Wilcoxon; P < 0.05). (D) Histogram 
comparing the “edge-to-center ratio” (the number of particles lying 0–25 nm beyond each 
edge of the synapse, divided by the number of particles lying in the central 50 nm of the 
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synapse; see diagram). The edge-to-center ratio was significantly larger for GluA1 than for 
GluA3 (P < 0.05; Wilcoxon).
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Analysis of lateral position in serial thin sections. (A–F) Micrographs show serial ∼60 nm 
sections through a synapse, immunoreacted for GluA1. In (A), a well-defined synapse is 
undetectable, though an area of increased electron density near the postsynaptic membrane 
is visible, corresponding to the edge of the PSD. PSDs in (B) and (C) label for GluA1; note 
that gold particles in (B) seem to lie in the middle of the PSD, but are actually closer to its 
edge, when considered in three dimensions. Scale bar=200 nm. (G) Graph shows normalized 
lateral positions of GluA1 and GluA3 from our serial section data. These are similar to the 
distributions of GluA1 and GluA3 using single sections (compare with Fig. 4A). (H) 
Average NL position for the complete data set (“all”), and after removing data from sections 
found to originate from the edge of the PSD (“without edges”). Removal of “edge” data has 
very little effect on sample means. (I) Diagram illustrates the approach used to analyze NL 
position in two dimensions. Serial sections through a schematic axospinous synapse (left) 
are shown in middle; vertical lines mark edges of the synapse. These are redrawn as a 
polygon (right), corresponding to an en face reconstruction of the synapse (y-axis computed 
from ∼50 nm section thickness). Each gold particle is depicted as a black dot. A line from 
center of the polygon (“x”) through the dot to the edge of polygon, allows estimation of NL 
position. (J) Computed in this way, GluA1 still tends to lie lateral to GluA3.
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AMPAR subunit positions for short and long PSDs. To determine whether AMPAR subunits 
are differently organized depending on PSD size, data for each antibody were divided in half 
according to PSD length. (A) In short PSDs (left), the mean NL position of GluA1 was 
substantially greater than that for GluA3; this difference was much less pronounced for long 
PSDs (right). (B) In short PSDs, the mean NL position ratio of GluA1 was much larger than 
the NL position ratio of GluA3. In contrast, the difference between the NL position ratios of 
the two receptors was much less pronounced in long PSDs. (C) In short PSDs, the edge-to-
center ratio of GluA1 was much larger for GluA1 than GluA3. In long PSDs, the edge-to-
center ratio was similar for both subunits.
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Table 1
Effects of AMPAR Subunit Deletion on Immunogold Labeling
WT (N = 1) GluA1 KO (N = 2) GluA2 KO (N = 2)
GluA1 47.2±3.2% 6.4±0.2% (0.14) 26.0±1.7% (0.56)
GluA2–3 54.0±2.2% 45.0±1.9% (0.83) 11.4±1.8% (0.21)
GluA3 42.4±1.2% 26.8±2.2% (0.63) 22.6±2.7% (0.53)
Percent of synapses immunopositive for each antibody listed (±standard error, from N = 5 grid squares, 100 synapses/square). Numbers in 
parentheses represent the fraction of labeling remaining in knockout material, compared with wild-type controls.
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